Abstract
INTRODUCTION
The undigestible lactulose (galacto-fructose) is a semisynthetic product made by isomerization from lactose (galacto-glucose). Lactulose does occur in very small amounts in heated milk but is not present in nature. In contrast to its substrate lactose, the β-glycosidic linkage of lactulose can not be split by human digestive enzymes. Reaching the colon, lactulose is mainly metabolized by saccharolytic intestinal bacteria [1] . Lactulose has been used as food ingredient, e.g., as a sugar substitute or functional food ingredient with prebiotic effects for human consumption [2, 3] . Changes in gut microbiota composition and health-promoting effects due to its bifidogenic effects were described. Furthermore, the growth of pathogenic bacteria, e.g., Salmonella, could be inhibited. Moreover, lactulose improves the survival of probiotic strains like Lactobacillus rhamnosus and Bifidobacterium bifidum in yogurt [4] . The particularly gentle and natural laxative action of lactulose at dosages of 10 g and more result from its prebiotic, osmotic, and peristalsis-activating effects. This is also reflected in the European Food Safety Authority (EFSA)-approved health claim that "Lactulose contributes to an acceleration of intestinal transit" [5] . Furthermore, lactulose is also marketed as a drug to treat constipation, hepatic encephalopathy and dysbacteria [1] . Besides these health benefits, lactulose has some desirable properties like taste improvement, favorable browning behavior and excellent solubility in water for the development and manufacture of functional food products [4] . Lactulose is produced from lactose. During manufacturing impurities, including epilactose, lactose, galactose, fructose, tagatose and small amounts of unspecified or unknown sugars, occur [4] . Lactulose is available in two formulations: Crystals (powder to be dissolved in water) and liquid syrup (solution). Carbohydrate impurities are found up to 3% in the crystalline and approximately 30% in the liquid form. The amount and the pattern of related substances of the carbohydrate impurities varies depending on the conditions during the manufacturing process used to produce lactulose.
Because lactulose is used as a functional food ingredient, it may also be consumed by people with impaired glucose tolerance, including diabetics. For these consumers, it is of interest whether the described carbohydrate impurities may increase blood glucose levels after ingestion. A case report showed higher blood glucose levels in a diabetic patient after changing the lactulose syrup brand [6] . In previous human studies, only slight or no increases in WJGPT|www.wjgnet.com blood glucose concentrations were observed with single doses of 20-25 g of lactulose [7] [8] [9] . In this study, possible changes in blood glucose levels after oral intake of lactulose products from Fresenius Kabi were investigated in healthy volunteers. Because of the small amounts of impurities, particularly in lactulose crystals, no or only small changes in blood glucose levels were expected. In future studies, the results of this study need to be confirmed for a diabetic collective.
MATERIALS AND METHODS

Study design
The study was performed as a prospective, open, monocenter, randomized, two-part study with 4-way cross-over design in each study arm. BioTeSys GmbH, Esslingen, was charged as a contract research organization (CRO) for study coordination, product supply and data collection. The study was performed in the study center of BioTeSys. The protocol followed the Declaration of Helsinki guidelines and was approved by the Ethics Committee of the Landesärztekammer Baden-Württemberg.
The study consisted of a screening visit and four study visits. After inclusion, subjects, who gave their written informed consent to participate, were stratified by gender and randomized to study arm (intervention with crystals or liquid) and sequence group 1-4 (random order of 10 g or 20 g lactulose either as crystal or liquid, water or 20 g glucose, according to Williams design). Randomization of volunteers was performed by means of the computer program DatInf ® RandList, version 1.2. Volunteers were instructed to have an individually standardized meal composed of farmhouse bread, cream cheese and cucumber in the evening prior to study visit 1-4. Furthermore, volunteers were not allowed to consume food or drink other than water for at least 10 h before the tests. In the morning of study visits, volunteers were instructed to drink 1-2 glasses (minimum 200 mL) of water after sleep before coming to the study site. Consumption of alcohol, as well as intensive exercise, was not allowed 24 h prior to all visits. Furthermore, in the morning of all visits, volunteers were not allowed to use means of transport accompanied with vigorous exercise (e.g., jogging, cycling).
Study population
Subjects were recruited by advertisement in local newspapers and a database of the study site. Eligible subjects were healthy Caucasian men and women, aged ≥ 18 and ≤ 65 years, without known (family) history of diabetes mellitus or use of anti-hyperglycemic drugs or insulin, having approximately 3-5 bowel movements per week. The blood routine parameters were determined in venous blood samples at screening and judged by the investigator according to the exclusion criteria. Main criteria for exclusion were clinically relevant renal or hepatic disease, liver enzymes > 10% above reference range, fasting blood glucose > 100 mg/dL or glycated hemoglobin (HbA1c) > 5.7%, total cholesterol > 250
Study products
Lactulose crystals were produced by S.C.M., Società Chimica Mugello, S.r.l., a Fresenius Kabi Company in Vicchio, Italy, and lactulose liquid was produced by Fresenius Kabi Austria GmbH in Linz, Austria. Maximum carbohydrate impurities of both lactulose formulations according to the European Pharmacopoeia monographs are listed in Table 1 . The total impurities of the study products were 1.5% in lactulose crystals and 26.45% in lactulose liquid.
Subjects received study products in a single dose at the study site under fasting conditions. Despite the open nature of the study, volunteers were kept blinded on the dosage of study products (10 g or 20 g lactulose or 20 g glucose) as well as on the formulation (lactulose crystals and liquid). Study products were provided by study staff dissolved in 250 mL water, ready for consumption.
Data collection
Blood glucose levels were measured in capillary whole blood obtained by finger prick. For analysis of glucose levels, the HemoCue Glucose 201+ Analyzer (Ängelholm, Sweden) was used, and glucose was determined photometrically using a modified glucose dehydrogenase method. Blood glucose concentrations were monitored over a period of 180 min at specified time points (0, 15, 30, 45, 60, 90, 120, 150, 180 min post-intake). From the boundary conditions including the methodology of blood glucose device, the study was performed in compliance with ISO 26642:2010 for determination of glycemic index (GI) of foods [10] . Paper CRFs served as source documents and were transferred into an electronic database (ALPHADAS ® , an electronic data capturing system from Instem plc, Stone, Staffordshire, United Kingdom, ensuring full audit trail). 
Data analysis
The primary endpoint was iAUC, i.e., above baseline levels for blood glucose concentration after oral intake of lactulose products compared to water (negative control). Secondary efficacy endpoints were: The maximum blood glucose concentration (Cmax), the time to reach maximum blood glucose concentration (Tmax), the maximum blood glucose concentration minus baseline value (Max_increase), the total area under the curve (AUC) from 0 to 180 min for blood glucose concentration (AUC(0-180min)), the baseline corrected AUC from 0 to 180 min for blood glucose concentration (AUCbase = AUC from 0 to 180 min -baseline*180 min). After glucose intake, the parameter Tbaseline, the first time to reach baseline again after increase in blood was evaluated. The following comparisons were done: (1) lactulose with negative control (water); (2) 20 g lactulose products with 20 g glucose; and (3) lactulose crystals and liquid.
Untransformed endpoints were analyzed separately for the two study arms using a mixed analysis-ofvariance model with intervention (4 levels), period (4 levels), and baseline blood glucose level within study periods as fixed effects and subject as random effect.
Group means were calculated from the model ("LS Means"). Data are presented for the Intention-to-treat (ITT) population which, however, was identical with the Per-Protocol (PP) population in this study. Due to the 7 d wash-out period, an examination of possible carry-over effects was not necessary. There were only minor time deviations for the wash-out period, which were discussed during data review meetings and judged to have no impact on study results.
Subjects were instructed to document any adverse events (AEs) and concomitant medication in diaries, starting after screening and ending with 24 h tolerability assessment at visit 4. All AEs were followed until resolution. During visits, all AEs were asked and reviewed by an investigator and reported on the CRF.
RESULTS
From November 2016 to January 2017, a total of 24 (of 35 screened) volunteers were included, as shown in Figure  1 . The main reasons for non-inclusion were relevant findings of blood routine parameters. All 24 volunteers (12 women and 12 men) completed the study successfully without major protocol deviations. Only small deviations occurred, e.g., in the standardized dinner in the evening or amount of water in the morning before visits, which were judged as minor with no impact on study results. Participants were 20 to 62 years old. Table 2 shows the demographic data of the volunteers. The study product was administered to all subjects under supervision of study staff after at least 10 h of fasting. Despite the open nature of the study, volunteers were kept blinded on the dosage of study products (10 g or 20 g lactulose or 20 g glucose, water) as well as on the formulation (lactulose crystals and liquid). All study products were provided dissolved in a total volume of 250 mL water, equivalent to the negative control. The intake was complete with no residual amounts, resulting in 100% compliance. Figures 2 and 3 show the blood glucose concentrationtime curves for the different applications. In both study arms (crystals and liquid), the glucose concentration-time curves after intake of 10 g lactulose, 20 g lactulose, and water were almost identical. None of the three applications showed any influence on the blood glucose levels.
As expected, there was a distinct increase in blood glucose concentration of approximately 3 mmol/L [mean Max_increase: 3.2 mmol/L (crystal arm); 3.1 mmol/L 
Lactulose vs negative control (water)
When taking lactulose as crystals or as liquid up to a dosage of 20 g, no differences on blood glucose concentration were observed over a time period of 180 min in comparison to water. iAUCs after the intake of lactulose were comparable with the control group receiving water. LS means are summarized in Tables 3-6 . The findings were also confirmed for the secondary endpoints for which no treatment difference compared to water could be identified. Tmax for lactulose and water were not reported, as there were no glucose concentration peaks, which are necessary to define a distinct time to reach maximum glucose concentration.
g lactulose vs g glucose
The estimated treatment difference of iAUC with 95%CIs for lactulose crystals 20 g vs glucose 20 g was -109.58 (95%CI: -128.03; -91.13). The estimated treatment difference of iAUC with 95%CIs for lactulose liquid 20 g vs glucose 20 g was -130.94 (95%CI: -147.87; -114.00). Thus, a very large difference was observed between glucose and both lactulose formulations (P < 0.0001). The same applies to AUC and AUCbase, which were much smaller for 20 g of both lactulose formulations compared to 20 g glucose (P < 0.0001).
The maximum blood glucose concentrations (Cmax) and the maximum increase of blood glucose (Max_increase) after intake of both lactulose formulations were also significantly lower in comparison to glucose (P < 0.0001).
Lactulose crystals vs lactulose liquid
For the 10 g lactulose dose, the mean iAUC after intake of crystals was 5.12 ± 6.63 mmol/L*min, and after intake of liquid 5.80 ± 8.47 mmol/L*min.
The mean iAUC of blood glucose concentrations after application of 20 g lactulose was 13.56 ± 17.60 mmol/L*min for crystals and 11.74 ± 13.33 mmol/L*min for liquid. As reference, the mean iAUC of water in the crystals study arm was 9.42 ± 8.87 mmol/L*min and 9.76 ± 14.80 mmol/L*min in the liquid study arm. No differences in blood glucose concentration profiles after administration were identified between the two lactulose formulations.
For the AUC and AUCbase of blood glucose concentration after intake of 10 g and 20 g lactulose, very similar results for both formulations were observed (data not shown). As there were no distinct glucose concentration peaks after intake of lactulose secondary endpoints, Cmax and Tmax were not appropriate to add findings next to the AUC data.
AEs and tolerability
In total, 19 AEs were reported by 11 volunteers, of which three AEs occurred between the screening visit and study visit 1. During the intervention phase (study visit 1-4) in each study arm, eight AEs occurred, which were reported by six subjects in the crystals study arm and five subjects in the liquid study arm. Overall, none of the AEs were serious and all AEs resolved at the end of the study. No AE led to discontinuation or modification of study product dosage.
Of these 16 AEs, seven possibly related AEs [digestive system (6 ×), headache (1 ×)] were reported and rated 6 × as mild and 1 × as moderate (heartburn). These AEs occurred after the intake of lactulose. Frequencies of reported possibly related AEs attributed to the digestive system were higher in the liquid study arm (five AEs reported by three subjects) compared to the crystals study arm (one AE); especially stomach ache was reported [3 × liquid study arm (2 × 10 g + 1 × 20 g)]. Furthermore, flatulence (1 × 10 g liquid), diarrhea (1 × 20 g liquid) and heartburn (1 × 20 g crystals) were reported. All other AEs were not related [six AEs: rhinitis, running nose, cough, migraine, headache (2 ×)] or unlikely related [three AEs: one subject after 10 g crystals (headache) and two AEs: one subject after intake of 20 g glucose (nausea and headache)].
Tolerability was assessed directly after the end of the blood glucose concentration assessment period (after 180 min) and 24 h after intake of study products after each intervention phase. The majority of subjects judged the tolerability at the single assessment time points as "well tolerated". Only twice at the 180 min time point (1 × glucose; 1× lactulose 20 g liquid) and five times 24 h after intake, the product was rated as slightly unpleasant (after 10 g lactulose: 1 × crystal arm, 2 × liquid arm; 2 × after 20 g lactulose liquid). Very unpleasant tolerability was only rated 1 × after 20 g lactulose crystals. The tolerance assessment by subjects reflects the occurrence of AEs.
DISCUSSION
This study was performed as a prospective, open, monocenter, randomized, two-part study with 4-way crossover design in each study arm to investigate blood glucose levels after oral intake of lactulose.
Due to the small amounts of carbohydrate impurities, up to 3% in lactulose crystals and approximately 30% in the liquid formulation, no or only small changes in blood glucose levels were expected. These expectations were confirmed by all primary and secondary endpoints. The glucose concentration-time curves showed that there was no difference after intake of lactulose (crystals or liquid) and water. iAUCs, AUCs and AUCbase after intake of lactulose were comparable with the control assessment with water. The intake of the two single lactulose dosages 10 g and 20 g did not affect blood glucose levels. This is in accordance with previous studies showing that 25 g lactulose did not increase blood glucose concentration in female lactose digesters and maldigesters [9] or diabetic subjects [8] . Hoffmann et al [7] showed only a slight increase of blood glucose level after intake of 36.4 g lactulose syrup containing 8.4 g of sugars and 20 g of lactulose.
The dose of lactulose and accompanying sugars in the case report published by Kirkman et al [6] was higher compared to this study (daily intake 3 × 30 mL lactulose syrup, containing 24 g of simple sugars). However, the increase in blood glucose after changing the lactulose brand (3 × 30 mL lactulose syrup, containing 27.6 g of simple sugars) could not be explained by sugar impurities because the difference in daily intake was only 3.6 g. Normal food may cause much higher differences in daily sugar intake. Furthermore, investigating AUCbase indicated an overall negative area for all lactulose administrations and water. This means that blood glucose concentrations tended to decrease over time. Of note, these changes over time during/after lactulose administration occurred within a tight range and within the normal limits of fasting blood glucose and were comparable with water. Consequently, no hypoglycemic values were observed during and after lactulose administration. The decrease expressed as AUCbase was to the same extent as with water and only reflects the normal physiologic metabolism. One should bear in mind that at the end of the intervention phase, subjects were fasting for at least 13 h.
The analysis of blood glucose levels was performed in capillary blood to also enable the determination of minor changes. Capillary measurement reflects changes in blood glucose more readily at finger sites than at the forearm [10, 11] . This approach is also used for the determination of the GI. In this context, analysis in capillary finger-prick samples is discussed to be less variable and more sensitive to postprandial changes compared to venous blood samplings [12, 13] . As expected, there was a significant difference for iAUC, AUC, AUCbase and Cmax after the intake of lactulose (crystals or liquid) compared to glucose. Interestingly, there was a decrease in blood glucose concentrations below baseline 90 min and 120 min after intake of glucose in both study arms. This minor decrease was counteracted by the body returning to baseline concentrations after 150 and 180 min. This profile reflects the regulation of the body by a normal slight overcompensation in the management of blood glucose concentration and is also described in GI determinations for various foods containing simple sugars [14] . Despite the higher concentration of carbohydrate impurities in the used lactulose liquid formulation with 26.45% in comparison to only 1.5% in crystals, both formulations showed similar blood glucose curves with no differences when evaluating primary and secondary endpoints. In both study arms, a difference between lactulose dosages was not apparent. This can be explained by the low total amount of sugars in both lactulose products (i.e., 0.3 g in crystals and 5.29 g in liquid formulation in the 20 g dosages). Furthermore, not all sugars may affect blood glucose to the same extent as glucose [15] . Even comparable decreases in blood glucose concentrations over time (expressed as baseline corrected AUC) were observed for the 10 g and 20 g dosages as well as for water.
This study adds data for currently marketed lactulose products to available data published between 1964 and 1999. For the first time, two doses of two lactulose formulations (crystals and liquid) were compared in a cross-over design ensuring high credibility and power of the study since expected high variation between subjects is of no concern in cross-over settings. Furthermore, older studies included less subjects [7, 8] or women only [9] . The study was performed in compliance with ISO 26642:2010.
One limitation of the study might be the open design. Despite subjects being blinded on the dosage of study products (10 g or 20 g lactulose or 20 g glucose) as well as on the formulation (crystal or liquid), subjects could possibly distinguish between water as control and the study products due to the slight sweet taste of lactulose. Anyhow, it is expected that the impact of such a confounding factor on the objective measure of blood glucose level is rather limited, and placebo effects on blood glucose level were not identified from the study results.
These results clearly demonstrate that the carbohydrate impurities in 10-20 g of lactulose preparations have no impact on the glucose metabolism in healthy adults. As a next step, data should be confirmed in a study collective with impaired glucose tolerance. Overall, tolerability was good. Some volunteers reported mild and one volunteer reported moderate gastrointestinal side effects of lactulose, which are known [16, 17] . In summary, a single dose administration of 10 g and 20 g of lactulose as crystals or liquid with their small amounts of carbohydrate impurities had no impact on blood glucose concentration in healthy subjects. Comparable to water, there was no glycemic response. Taken together, these data suggest that lactulose used as a functional food ingredient may also be consumed by people with impaired glucose tolerance.
ARTICLE HIGHLIGHTS
Research background
During the manufacturing process of lactulose, impurities with sugars (e.g., lactose, fructose, galactose) occur. Because lactulose is used as a functional food ingredient, it may also be consumed by people with impaired glucose tolerance, including diabetics. Therefore, it is of interest whether the described carbohydrate impurities may increase blood glucose levels after ingestion.
Research motivation
There is only limited information if lactulose and especially the currently marketed formulations (liquid formulation and crystals) influence the blood glucose level.
Research objectives
The main objective was to investigate possible changes of blood glucose levels after oral intake of lactulose in healthy subjects.
Research methods
The study was performed as a prospective, randomized, two-part study with a 4-way cross-over design with n = 12 in each study arm. Capillary blood glucose levels were determined over a time period of 180 min after intake of a single dose of 10 g or 20 g lactulose provided as crystal or liquid formulation. Water and 20 g glucose were used as control and reference, respectively.
Research results
The blood glucose concentration-time curves after intake of 10 g lactulose, 20 g lactulose, and water were almost identical. The three applications did not show any changes in the blood glucose levels. There was no difference between lactulose liquid and crystals. After intake of 20 g glucose, blood glucose concentration increased by approximately 3 mmol/L (mean Cmax = 8.3 mmol/L), reaching maximum levels after approximately 30 minutes and returning to baseline within approximately 90 minutes, which was significantly different to the corresponding 20 g lactulose formulations (P < 0.0001).
Research conclusions
The unchanged blood glucose levels after lactulose intake in healthy subjects suggest its safe use in subjects with impaired glucose tolerance.
Research perspectives
As a next step, data should be confirmed in a study collective with impaired glucose tolerance.
